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ABSTRACT
Anomaly fields of upper-ocean heat content (OHC) in the Pacific basin from 308S to 608N over a 45-yr period
are analyzed with special reference to their relationship with El Nin˜o–Southern Oscillation (ENSO) events. In
the present study, for convenience, the OHC is defined as vertically averaged temperature from the sea surface
to 300-m depth. Based on a cluster analysis, it is found that interannual variability with a period of 3–6 yr is
dominant in the eastern and western tropical Pacific, while multidecadal variability with a period of approximately
20 yr is dominant in mid- to high latitudes. In order to focus attention on the relationship between OHC anomalies
and ENSO events, 3–6-yr variations are extracted by a bandpassed filtering with half-power points at 3- and 6-
yr periods. The result clearly shows the cyclic and anticlockwise propagation of OHC anomalies on the circuit
in the northern tropical Pacific. That is, an eastward propagation along the equator, a northward propagation at
the eastern boundary, a westward propagation along the latitudinal belt centered around 168N, and a southward
propagation at the western boundary are found. The OHC anomaly spatially averaged over the entire equatorial
Pacific from 48N to 48S leads the Nin˜o-3 index by two seasons (i.e., six months), which is approximately one-
quarter of the ENSO period or less. In addition, it is also found that the OHC anomaly in the entire equatorial
Pacific is decreasing when the Nin˜o-3 index is positive, while that in higher latitudes, from 58 to 208N, in the
tropical North Pacific is increasing at the same time. This fact indicates the exchange of an OHC anomaly
between the equatorial Pacific and higher latitudes and supports the ‘‘recharge oscillator’’ model for the ENSO
dynamics. Further, it is shown that the magnitude of the OHC anomaly of the entire equatorial Pacific is directly
related to that of the subsequent (two seasons or more later) Nin˜o-3 index, which means that the larger amplitude
of the OHC anomaly in the entire equatorial Pacific corresponds to the larger magnitude of the subsequent ENSO
event, although an asymmetry exists between the preceding positive and negative OHC anomalies and the
subsequent Nin˜o-3 index. These facts strongly confirm the previous findings based on observations and numerical
models. It is also shown that, after the 1976–77 regime shift, magnitudes of the OHC anomalies related to ENSO
become greater and that an asymmetric feature between the preceding positive and negative OHC anomalies
and the subsequent Nin˜o-3 index is exaggerated.
1. Introduction
A number of studies on SST and atmospheric anom-
aly fields on the global or Pacific basin scale have in-
creased our understanding of the El Nin˜o–Southern Os-
cillation (ENSO) event (e.g., Bjerknes 1966; Weare et
al. 1976; Rasmusson and Carpenter 1982; Hsiung and
Newell 1983; Kawamura 1984). It has been recognized
that an ENSO event’s growth is closely related to a
tropical ocean–atmosphere interaction, and it impacts
the global climate system through atmospheric telecon-
nections.
The relationship between an ENSO event and the
volumetric change of upper-ocean warm water in the
equatorial Pacific has also been investigated. Wyrtki
(1975, 1979) analyzed sea level data observed at island
stations and showed that warm water in the western
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Pacific is accumulated prior to the onset of the ENSO
warm phase, and them the warm water propagates east-
ward to cause the warm phase. Wyrtki (1985) also point-
ed out that warm water in the equatorial Pacific moved
to higher latitudes during the warm phase. Numerical
model simulations provided the results consistent with
the above observational findings (e.g., Zebiak and Cane
1987; Springer et al. 1990). These studies suggest that
the movements of warm water masses and the ENSO
event are closely related to one another.
The mechanism of an interannual oscillation of oce-
anic and atmospheric fields associated with ENSO
events, however, is still not clear. So far, several hy-
potheses have been proposed in order to explain the
ENSO dynamics. The ‘‘delayed oscillator’’ model
(Schopf and Suarez 1988; Suarez and Schopf 1988; Bat-
tisti and Hirst 1989) emphasizes that an equatorial Ross-
by wave with an upper-ocean heat content (henceforth
OHC) anomaly, whose sign is opposite to the ongoing
ENSO phase, propagates westward in the latitudinal belt
from 38N to 58N, and then moves toward the equator
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along the western boundary to form an equatorial Kelvin
wave. This Kelvin wave breaks down the air–sea cou-
pled positive feedback of the ongoing ENSO phase and
causes an opposite phase of ENSO when it reaches the
central to eastern equatorial Pacific. Thus, equatorial
waves are key players in the delayed oscillator model.
The ‘‘western Pacific oscillator’’ model (Weisberg
and Wang 1997) emphasizes the role of variabilities of
ocean and atmosphere in the western Pacific in an os-
cillation of ENSO. In contrast to the delayed oscillator
model, this model emphasizes an off-equatorial Rossby
wave rather than an equatorial Rossby wave, and does
not necessarily require wave reflections at the western
boundary. On the other hand, the ‘‘advective–reflective
oscillator’’ model (Picaut et al. 1997) emphasizes con-
vergence of mean zonal currents, zonal advection of sea
surface temperature and equatorial wave reflections at
both the western and eastern boundaries. In these models
the propagations of OHC anomalies also play an im-
portant role, although the latitudes of westward prop-
agation and importance of reflection at the western and
eastern boundaries differ from each other.
On the other hand, Jin (1997a,b) suggested a new
theoretical paradigm, the ‘‘recharge oscillator’’ model,
which does not emphasize the detailed wave propaga-
tion process. In the recharge oscillator model, the time
lag between OHC anomalies in the equatorial band and
the eastern Pacific SST is to be about a quarter of the
ENSO period. During the warm phase (cold phase),
warm water is redistributed from the equator (higher
latitudes) toward higher latitudes (the equator). In the
recharge oscillator model, this time lag between the
OHC anomaly in the entire equatorial Pacific and the
equatorial eastern Pacific SST anomaly is important to
make an oscillation of ENSO.
Recently Wang (2001) has formulated the ‘‘unified
oscillator’’ model. This model comprehensively in-
volves the various mechanisms for ENSO dynamics—
that is, models of the delayed oscillator, the recharge
oscillator, the western Pacific oscillator, and the advec-
tive–reflective oscillator. In all the hypotheses men-
tioned above, it can be said that an OHC plays an im-
portant role in the ENSO dynamics. Therefore, analysis
of OHC anomalies is important to understand the oce-
anic role in an ENSO event, and to examine various
ENSO models. However, a lack of datasets on subsur-
face temperature fields did not allow us to study OHC
variability on a basin scale, as well as over longer time
scales, until the 1990s. Recently, global subsurface tem-
perature datasets have been prepared and variabilities
of OHC on global and basin scales have been studied.
Levitus et al. (2000) showed that OHC anomalies glob-
ally and in each basin were increasing over the past 50
years, and, in the Pacific basin the anomaly had an os-
cillation with a quasi 20-yr period.
To understand OHC variability related to an ENSO
event, OHC in the tropical Pacific has also been studied
in recent years. Kessler (1990) and Zhang and Levitus
(1996, 1997) showed that the propagation of a 208C
isotherm depth anomaly or an equivalent OHC anomaly
in the tropical Pacific was closely related to the ENSO.
Based on the model forced by observed winds, Zebiak
(1989) pointed out that equatorial OHC leads the Nin˜o-
3 index. This result was supported by Meinen and
McPhaden (2000), who analyzed volumetric change of
equatorial warm water for 20 years from 1980 to 1999,
and showed that the time lag between the anomaly of
whole equatorial warm water volume and the Nin˜o-3
index was about one-quarter of the ENSO period. This
finding is consistent with the recharge oscillator model.
However, analyses of OHC for basin scale and longer
timescales are still very few, and detailed information
on OHC variability is inadequate at present.
The purpose of the present study is to analyze the
Pacific OHC anomaly fields and describe their variations
with special reference to an ENSO event, in order to
examine the various hypotheses of ENSO dynamics.
The remainder of the present paper is organized as fol-
lows: In section 2, the data used and the data processing
procedure are described. In section 3, a cluster analysis
is adopted to the OHC anomaly field in order to see the
dominant timescales of OHC variations in the Pacific.
In section 4, interannual variabilities of the OHC anom-
aly field are examined and their relation to an ENSO is
explored. A summary and discussion are given in sec-
tion 5.
2. The data used and the data processing
procedure
In the present study, the upper ocean temperature data
set prepared by White (1995) is used to calculate the
OHC anomaly field. The temperature data are given on
a 28 (latitude) 3 58 (longitude) grid, using the temper-
ature profiles mostly measured by XBT (expendable
bathythermograph), CTD (conductivity–temperature–
depth recorder), DBT (digital bathythermograph), and
TOGA (Tropical Ocean and Global Atmosphere) TAO
(Tropical Atmosphere–Ocean) array in the equatorial
Pacific. This dataset covers a range from approximately
308S to 608N in the world oceans for a period of about
50 years since 1955. The data are given at 11 standard
levels of depth from the sea surface to 400 m. This
dataset is made by an optimum interpolation using the
decorrelation scales of 2.58 in latitude, 58 in longitude,
and 3 months in time. In the present study, vertically
averaged temperature from the sea surface to depth 300
m is calculated instead of heat content itself. The reason
that the depth of 300 m is chosen is that this depth is
near the maximum depth to which surface oceanic mix-
ing extends (Ladd and Thompson 2000), and that the
number of observations reaching deeper than 300 m was
very small before the late 1970s. The study area is the
Pacific basin (308S–608N) as shown in Fig. 1, and the
period is for 45 years, from January 1955 to December
1999.
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FIG. 1. Study area, and result of a cluster analysis for seasonally averaged OHC anomalies from the 1955 winter through the 1999
autumn. Symbols v, V, and 3 represent the regions C1, C2, and C3, respectively, divided by the cluster analysis.
After calculation of OHC, monthly climatologies of
OHC at each grid point are made by averaging OHCs
for the individual calendar months during 45 years, and
then monthly anomalies of the OHCs are calculated by
subtracting the monthly climatologies from the individ-
ual OHCs. Then, the monthly OHC anomalies are av-
eraged for each season. Here, winter is regarded as the
three consecutive months of January through March,
and so on. Then, a nine-point median filter (five points
for zonal direction, and three points for meridional di-
rection and time direction) is adopted to eliminate the
spiky erroneous data, and a Gaussian filter with an
weight function of an e-folding scale of 28 in both zonal
and meridional directions (half-power point of power
gain is about 108) is adopted to smooth the data spatially.
3. Dominant timescales in the Pacific basin
As mentioned in the introduction, temporal and spa-
tial variabilities of OHC in the Pacific are still unclear.
Therefore, as the first step, we conducted a cluster anal-
ysis by the Ward method (Ward 1963; Wishart 1969) to
the Pacific OHC anomaly fields in order to understand
the characteristics of large scale OHC variabilities. The
method is briefly described in the appendix.
In general, cluster analysis does not have a criterion
to determine the number of clusters (e.g., Iwasaka et al.
1998). As described in the next paragraph, it was found
that, when the number of clusters is three, the region
and spatial averaged time series over each cluster region
can represent ENSO and Pacific decadal variabilities,
which are pointed out by previous studies based on var-
ious variables such as SST and SLP. Therefore, in the
present study, we show the result of cluster analysis
when the number of clusters is three.
Figure 1 shows the result of a cluster analysis. The
three clusters are the eastern tropical Pacific (hereinafter
region C1), the western tropical Pacific (C2) and the
mid-to-high latitude region (C3). Spatially averaged
time series of OHC anomaly over each region (C1–C3)
and over the entire Pacific are shown in Fig. 2. The
results of spectrum analysis (not shown here) show that
an interannual variation with the period of 3–6 yr is
dominant in the time series of regions C1 and C2. The
time series of region C1 shows large positive anomalies
at the years of ENSO warm phase—for example, 1972–
73, 1982–83, 1986–87, 1991–92, and 1997–98. Con-
versely, in these years, time series of region C2 shows
large negative anomalies. On the other hand, decadal
variation with a quasi 20-yr period is dominant in the
time series of region C3 and that of the entire Pacific
basin. The time series of the entire Pacific basin shows
large positive anomalies for the 1970s and the 1990s
(Fig. 2a), which is consistent with the results of Levitus
et al. (2000). Although decadal timescale variations also
exist in the time series of regions C1 and C2, their
energies (variance) are very weak. On the other hand,
although interannual variations also exist in region C3
and the whole Pacific, their energies are relatively weak,
too. These results show that in the Pacific, both inter-
annual variation with a period 3–6 yr and decadal var-
iation with a quasi 20-yr period are dominant in the
OHC anomaly field. These are consistent with the find-
ings on SST fields (e.g., Tanimoto et al. 1993, 1997).
Since the purpose of the present paper is to investigate
the relationship between the OHC and an ENSO event,
hereinafter we direct our attention to the 3–6-yr-period
variations that appear in the time series of regions C1–
C3. In order to extract only these signals, first we adopt-
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FIG. 2. (a) Time series of seasonally averaged OHC anomalies, which are spatially averaged
over the whole Pacific basin (solid line), and that averaged over the region C3 (broken line). (b)
Same as in (a) but over the region C1 (solid line) and over the region C2 (broken line).
ed a low-passed Gaussian filter with a half-power point
at a 6-yr period. Then we subtracted the low-frequency
variability from the raw time series of OHC anomalies.
Next, we applied a low-passed Gaussian filter with a
half-power point at a 3-yr period to remove the high-
frequency signals. In the following sections, these band-
passed signals are analyzed.
Here, it is worthwhile to note that OHC anomalies in
the eastern and western tropical Pacific (regions C1 and
C2) show peaks in the usual ENSO warm phase years
(e.g., 1972–73, 1982–83, 1986–87, 1991–92, 1997–98),
whereas they do not show large values in the years of
1957–58 and 1965–66, which are also known as ENSO
years (Fig. 2b). Concerning the 1965–66 warm phase,
however, positive anomalies can be seen in the later
analyses, as shown in Figs. 8b and 8c, which are OHC
anomalies averaged over each box of the eastern and
western equatorial Pacific, respectively. In addition,
when we plot the raw data (i.e., a Gaussian filter and a
median filter are not adopted), the 1965–66 warm phase
also can be seen as same as in Figs. 8b and 8c. Therefore,
OHC anomalies related to the 1965–66 warm phases
might occur in a narrower region around the equator
than warm phases of later periods.
Concerning the 1957–58 warm phase, all Fig. 2b and
Figs. 8b and 8c show only small values in these years.
Even when we plot the raw data, the result also does
not have a peak showing the warm phase. Therefore,
we believe our analysis method does not kill the warm
phase. Further, the reason that the 1957–58 warm phase
does not show up might be due to the fact that data of
this period might not be reliable because, before the
1970s, the amount of upper-ocean temperature data is
less when compared with those in later years.
4. Interannual variability in the Pacific OHC
anomalies
a. An empirical orthogonal function (EOF) analysis
Figure 3 shows the time coefficient and spatial pattern
of the first EOF mode (EOF1) for 3–6-yr period vari-
ability of OHC anomaly fields. This mode can account
for approximately 48% of the total variance. The spatial
pattern has large amplitudes in the tropical Pacific from
208S to 208N, and the eastern and western Tropics have
an opposite sign, that is, west–east seesawlike variation
(zonally tilting mode). The time coefficient of EOF1
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FIG. 3. (a) Time coefficients and (b) spatial pattern of the first EOF mode (EOF1) for seasonally
averaged OHC anomalies, which are bandpassed with half-power points at 3- and 6-yr periods.
Solid (broken) lines indicate positive (negative) anomalies. Contour interval is 0.02.
shows large positive values at the ENSO warm phase—
for example, 1972–73, 1982–83, 1986–87, 1991–92,
and 1997–98. Actually, correlation analysis between the
time coefficient of the EOF1 and the Nin˜o-3 index
anomaly, to which the same bandpassed filtering as to
OHC anomalies is adopted, shows the maximum cor-
relation coefficient (R 5 0.91) with zero time lag. That
is, the spatial pattern of EOF1 corresponds to the mature
stage of ENSO warm phase, that is, El Nin˜o.
Figure 4 shows the time coefficient and spatial pattern
of the second EOF mode (EOF2). This mode can ac-
count for approximately 18% of the total variance. The
spatial pattern shows equator–higher latitude seesawlike
variation (north–south tilting mode), but their ampli-
tudes are larger in the central area along the equatorial
band and in the western part along the latitudinal band
from 108 to 208N. In addition, relatively large negative
values in the central North Pacific appeared around
408N, 1708W while signals in the higher latitudes of the
South Pacific are very weak. Both time coefficients and
spatial patterns of the EOF1 and EOF2 resemble those
of the depth of the 208C isotherm in Meinen and
McPhaden (2000) for the overlapping region (from 208S
to 208N in the Pacific) and time period (1980–99).
Lag correlation analysis between EOF1 and EOF2
indicates that the maximum correlation coefficient (R 5
0.84) occurs when the time series of EOF1 leads that
of EOF2 by three seasons (i.e., 9 months). This time
lag between EOF1 and EOF2 indicates that the negative
OHCs in the western Pacific seen in EOF1 might prop-
agate eastward and, about three seasons later, negative
OHCs could cover the entire equatorial Pacific (EOF2).
This time lag also means that in the ENSO warm phase
(i.e., when positive values are seen in time coefficient
of EOF1), the equatorial OHC anomalies are in de-
creasing trend and the OHC anomalies in the off-equa-
torial band are in increasing trend. This indicates the
exchange of OHC anomalies between the equatorial Pa-
cific and the off-equatorial Pacific. In the following sub-
sections, we will focus our attention on the propagation
of the OHC anomaly in the tropical Pacific, and the
exchange of OHC between the equatorial Pacific and
the off-equatorial Pacific.
b. Propagation of OHC anomalies in the northern
tropical Pacific
In order to investigate propagation of OHC anoma-
lies, first the lag correlation analysis between OHC
anomalies on the western boundary, 1408E at the equa-
tor, and at all grid points is performed. The results are
shown in Fig. 5. The sequence of lag correlation maps
suggests the eastward propagation along the equator
(from lag 0 to lag 16 seasons) and the westward prop-
agation along the latitudinal belt from 108 to 208N after
the reflection at the eastern boundary (from lag 18 sea-
sons to lag 110 seasons). In the South Pacific, however,
the westward propagation in the off-equatorial region
is not seen. The results of time–longitude diagrams
along various latitudes (not shown here) confirm the
same propagation feature as revealed by Fig. 5, that is,
the eastward propagation along the equatorial region
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FIG. 4. As in Fig. 3 but for the second EOF mode (EOF2). Contour interval is 0.03.
from 108S to 68N and the westward propagation along
the latitudinal belt from 108 to 208N.
Figure 6 shows the time series of OHC anomalies on
a rectangular circuit around the northern tropical Pacific
from the 1980 winter to the 1999 autumn, when the
ENSO warm phases occurred more frequently than in
earlier years. Based on the results of Fig. 5, the rect-
angular circuit was set as the equator from 1408E to
1008W, the 1008W meridional line from the equator to
168N, the 168N zonal line from 1008W to 1408E, and
the 1408E meridional line from 168N to the equator.
The same as the results of Fig. 5, cyclic and anti-
clockwise propagation of OHC anomalies on the circuit
is clearly seen in Fig. 6: eastward propagation along the
equator, northward along the 1008W meridional line,
westward along the 168N zonal line, and southward
along the 1408E meridional line. As a matter of course,
the times when large positive anomalies are seen in the
central and eastern Pacific are consistent with those of
the ENSO warm phase, E1 Nin˜o. It is interesting that
to the west of the date line along the 168N zonal line,
the amplitude of OHC anomalies becomes greater, and
their propagation speed is also faster than that in the
east. Same analysis was performed for the period from
the 1955 winter to the 1979 autumn, and also showed
almost the same result (not shown here), although the
amplitudes of the OHC anomaly were relatively smaller
compared with those in the later period as deduced, from
the time coefficients of EOF modes shown in Figs. 3
and 4.
In order to capture the typical propagation feature of
OHC anomalies more clearly, lag correlation analysis
using the data from 1955 to 1999 was also performed.
Figure 7 shows the result of the analysis between the
OHC anomaly at the westernmost grid on the equator,
(08, 1408E; the reference grid), and those at all grid
points on the circuit. It is found that it takes approxi-
mately 12 seasons (i.e., 3 yr) for OHC anomalies to
propagate the entire circuit. Here, the eastward propa-
gation speed on the equator can be estimated as about
0.25 m s21, which is much slower than a freely prop-
agating equatorial first baroclinic Kelvin wave speed of
2.5 m s21 (Philander 1990). On the other hand, along
the 168N zonal line, westward propagation speed can
be estimated as about 0.4 m s21 to the east of the date
line, and much faster in the west. These speeds are also
much faster than a freely propagating Rossby wave.
These findings on the propagation speeds of waves are
consistent with the previous studies based on obser-
vations (e.g., Kessler 1990; Zhang and Levitus 1996),
and this slow propagation (slow mode) may be due to
ocean–atmosphere coupling (Hirst 1988; Wang and
Weisberg 1994, 1996).
Although we variously set the northern side of the
circuit from 108 to 208N instead of 168N, the time to
make a complete circuit was the same as that of Fig. 7.
In addition, as in the result of Fig. 5, anticlockwise
propagation along the circuit was not seen outside this
latitudinal belt.
c. Relationship between OHC anomalies in the
equatorial Pacific and ENSO events
In this subsection, we examine the relationship be-
tween OHC anomalies of the equatorial Pacific and the
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FIG. 5. Lag correlation between seasonally averaged OHC anomalies, which are bandpassed with half-power points at 3- and 6-yr periods
on the western boundary (1408E) at the equator, and at all grid points on the Pacific basin. Broken lines indicate negative correlation, and
contour interval is 0.2. On the left side the correlation coefficient patterns at lag 0, 2, and 4 seasons are shown from the top panel to the
bottom, and on the right the patterns at lag 6, 8, and 10 seasons are shown from the top panel to the bottom. Positive (negative) time lag
means that OHC anomalies at the reference point (08, 1408E) lead (lag).
Nin˜o-3 index. In order to examine the relationship, three
inspection boxes were set: the entire equatorial Pacific
(48S–48N, 1408E–908W), Teq; the eastern equatorial Pa-
cific (48S–48N, 1108–908W), Te; and the western equa-
torial Pacific (48S–48N, 1408–1608E), Tw. The latter two
boxes were selected as the representative areas of the
western and eastern equatorial tropical Pacific.
Figure 8 shows the time series of OHC anomalies for
each box and the Nin˜o-3 index. Solid lines show OHC
anomalies spatially averaged over each box, and dashed
lines show the time series of the Nin˜o-3 index anomaly,
which is the bandpassed one by the same filtering as
that adopted for the OHC anomaly. It is clearly seen
that the Te (Fig. 8b) behaves in almost the same manner
as the Nin˜o-3 index, while the Tw (Fig. 8c) does just
out of phase with the Nin˜o-3 index. On the other hand,
Teq (Fig. 8a) seems to lead the Nin˜o-3 index by several
seasons.
Actually, these temporal relationships between them
can be clearly seen in Fig. 9, which shows the result of
cross lag-correlation analyses between the Nin˜o-3 index
and Teq, Tw, and Te. The Nin˜o-3 index correlates very
well with Te (R 5 0.94) without any time lag, and with
Teq (R 5 0.74) with a time lag of two seasons. On the
contrary, the Tw (R 5 0.67) leads the Nin˜o-3 index by
five seasons.
Wyrtki (1975) noted that accumulation of warm water
in the western equatorial Pacific is leading the onset of
the ENSO warm phase. Our results show that Tw pro-
vides a longer lead time precursor than Teq, but its pre-
diction skill is less than Teq. The present result seems
to strongly suggest that the Teq plays a more important
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FIG. 6. Time series (8C) of seasonally averaged OHC anomalies, which are bandpassed with half-power
points at 3- and 6-yr periods, on a rectangular path (circuit) around the northern tropical Pacific from the
1980 winter to the 1999 autumn: (a) along the equator from the western boundary (1408E) to the eastern
boundary (1008W), (b) along the 1008W line from the equator to 168N, (c) along the 168N line from the
eastern boundary (1008W) to the western boundary (1408E), and (d) along the 1408E line from 168N to the
equator. Solid (broken) lines indicate positive (negative) anomalies, and contour interval is 0.18C.
FIG. 7. Lag correlation between seasonally averaged OHC anomalies bandpassed with half-
power points at 3- and 6-yr periods on the western boundary (1408E) at the equator and at all
grid points on the circuit of Fig. 6. Broken lines with hatching indicate negative correlation, and
contour interval is 0.2. Positive (negative) time lag means that OHC anomalies at the reference
point (08, 1408E) lead (lag). In this calculation, the whole time series from Jan 1955 through Dec
1999 in the present study was used. Units of time lag are one season (3 months).
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FIG. 8. (a) Time series of spatially averaged OHC anomaly over the entire equatorial Pacific,
Teq, (48S–48N, 1408E–908W) (solid line) calculated using seasonally averaged OHC anomalies,
which are bandpassed with half-power points at 3- and 6-yr periods. (b) Same as (a) but spatially
averaged OHC anomaly over the eastern equatorial Pacific, Te, (48S–48N, 1108–908W) (solid line).
(c) Same as (a) but spatially averaged OHC anomaly over the western equatorial Pacific, Tw,
(48S–48N, 1408–1608E) (solid line). Broken lines of (a)–(c) are the Nin˜o-3 index, bandpassed
with the same filter as that for OHC anomalies. Each time series is normalized with each standard
deviation.
FIG. 9. Lag correlation between the time series of OHC anomalies, Teq, Te, and Tw shown by
solid lines of Figs. 8a–c and that of the Nin˜o-3 index shown by broken lines. Positive (negative)
time lag means that the Nin˜o-3 index lags (leads) OHC anomalies. Units of time lag are one
season (3 months).
and direct role in preconditioning of an ENSO event
rather than the Tw itself. That is, from the observational
view point, it can be said that the Teq is a more suitable
variable or precursor to be monitored rather than the Tw
in order to predict the onset of the ENSO warm phase,
as also pointed out by Zebiak (1989) and Meinen and
McPhaden (2000).
Figure 10a is a trajectory plot of the Teq and the Nin˜o-
3 index from the 1955 winter to the 1999 autumn, which
is the same plot as Fig. 6c by Meinen and McPhaden
(2000). The axes are normalized by the standard devi-
ations of each variable. The symbol ‘‘1’’ is marked on
the points whose distances from the origin of coordi-
nates are beyond the value of 1.75. The trajectories,
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especially the parts marked by 1, show an elliptical
shape that is closer to a circle. This means the time lag
between Teq and the Nin˜o-3 index is about a quarter of
the period or a little shorter. This time lag is consistent
with the finding of Meinen and McPhaden (2000), who
analyzed the volume of warm water in the equatorial
Pacific and specified the time lag of seven months on
the monthly basis analysis. Further, this result is con-
sistent with the results of model simulation (Zebiak
1989; An and Kang 2000) and supports the idea of the
recharge oscillator model.
The results of Figs. 2b, 3, 4, and 8a–c show that in
general over the 1980s and 1990s, the amplitudes of
OHC anomalies are greater than those in the earlier
periods. Other differences in ENSO behaviors may exist
before and after the 1976–77 regime shift (e.g., Nitta
and Yamada 1989; Trenberth 1990). To investigate a
possible difference in ENSO behavior before and after
the 1976–77 regime shift, the same plots for the two
separated 20-yr periods (from the 1955 winter to the
1974 autumn and from the 1980 winter to the 1999
autumn) are made, as shown in Figs. 10b and 10c. These
figures show that before the 1976–77 regime shift, Teq
and the Nin˜o-3 index show smaller values than those
after the 1976–77 regime shift, which coincides with
Fig. 8a. In addition, after the 1976–77 regime shift tra-
jectories are much closer to a circle than before. The
latter means that the time lag between Teq and the Nin˜o-
3 index is about a quarter of the period or a little bit
shorter after the 1976–77 regime shift, but the time lag
is shorter than before. This finding is also supported by
lag-correlation analysis between Teq and the Nin˜o-3 in-
dex, which shows a maximum correlation coefficient (R
5 0.72) with time lag of one season in the former period,
and a maximum correlation coefficient (R 5 0.82) with
time lag of two seasons (the correlation coefficient also
exhibits a high value of 0.76 with time lag of three
seasons) in the latter period (not shown here).
Figure 11a shows a scatterplot of the Nin˜o-3 index
and the Teq from the 1955 winter to the 1999 autumn,
with the Teq leading the Nin˜o-3 index by two seasons,
that maximizes the correlation coefficient between the
two (see Fig. 9). This figure also corresponds to Fig. 7
of Meinen and McPhaden (2000). This figure shows
that, in general, as the amplitude of Teq is larger, then
amplitude of the subsequent Nin˜o-3 index becomes larg-
er. However, since the slopes of the regression lines are
different between positive and negative values of Teq,
it can be said that the warm phase is more sensitive to
the leading Teq than the cold phase. This result also
confirms the finding by Meinen and McPhaden (2000)
from the viewpoint of OHC.
To investigate a possible difference in ENSO behavior
before and after the 1976–77 regime shift, the same plots
are made for the two periods, the same as Figs. 10b and
10c, as shown in Figs. 11b and 11c. These figures show
that after the 1976–77 regime shift, the slopes of re-
gression lines are more different between positive and
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FIG. 12. (a) Time series of the Nin˜o-3 index from the 1980 winter to the 1999 autumn. (b)
Temporal changing rates (degrees Celsius per season) of OHC anomalies spatially averaged over
each latitude from 268S to 268N, from the 1980 winter to the 1999 autumn. Solid (broken) lines
represent positive (negative) values. Contour interval is 0.025 degrees Celsius per season. (c)
Latitudinal distribution of cross-correlation coefficients between the Nin˜o-3 index and temporal
changing rates at each latitude.
negative values of Teq. This means that the characteristic
feature that the warm phase is more sensitive to the
leading Teq is clearer after the 1976–77 regime shift.
These results suggest that ENSO behaviors are different
after and before the 1976–77 regime shift.
d. Temporal changing rates of zonal mean OHC
anomalies
In this subsection, temporal changing rates of zonal
mean OHC anomalies from 268S to 268N are examined
in order to show the relationship between the tendency
of OHC anomalies and the ENSO phase as represented
by the Nin˜o-3 index. Figures 12a and 12b show a time–
latitude diagram of the temporal changing rates of OHC,
and the time series of the Nin˜o-3 index. When the Nin˜o-
3 index anomaly is positive (negative), temporal chang-
ing rates of the OHC anomalies in the equatorial Pacific
(about 58S–58N) are negative (positive), while those in
higher latitudes in the North Pacific are positive (neg-
ative). If it is assumed that OHC anomalies remain in
the upper ocean, this result indicates that the exchange
of OHC between the equatorial Pacific and the off-equa-
torial North Pacific occurs associated with the ENSO
cycle. This tendency in the North Pacific is consistent
with the results based on the analysis for sea level data
(Wyrtki 1985).
In higher latitudes of the South Pacific, in general,
the behavior of temporal changing rates of OHC anom-
alies is the same as that of the equatorial Pacific (see
Fig. 12c), although there are exceptions such as in the
1986–87 warm phase of the ENSO. This might suggest
the importance of warm water supply from the equa-
torial North Pacific as compared with that from the
South Pacific. The reason for this asymmetric behavior
between the tendency of the OHC anomaly in higher
latitudes of the North Pacific and the South Pacific is
unclear at the present time and more work is needed to
clarify.
5. Summary and discussion
In the present study, OHC anomaly fields in the Pa-
cific basin were investigated with special reference to
their relationships with an ENSO event. The cluster and
spectrum analyses showed that interannual variability
with a 3–6-yr period is dominant in the western tropical
Pacific and eastern tropical Pacific, and decadal vari-
ability with a quasi 20-yr period is dominant in the mid-
to high latitudes of the North and South Pacific.
In the tropical North Pacific, anticlockwise propa-
gation of OHC anomalies closely related to ENSO
events was found. The eastward propagation speed
along the equator of about 0.25 m s21 was much slower
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than that of a freely propagating Kelvin wave. This
slower propagation speed might be associated with a
coupled air–sea instability mode (Hirst 1988; Masumoto
and Yamagata 1991; Wakata and Sarachik 1991; Wang
and Weisberg 1994, 1996), and was consistent with the
results of model simulation (Chao and Philander 1993)
and of analysis for other observational data (Kessler
1990; Zhang and Levitus 1996). At the 168N line, the
amplitude was larger, and the propagation speed was
faster in the west of the date line than those in the east.
This might be caused by a wind stress in the off-equa-
torial region near the date line, which took place at the
end of the ENSO event (Kessler 1990). These results
indicate the importance of wave propagation for an
ENSO event. From the viewpoint of ‘‘propagation’’ of
OHC anomalies, it can be said that although these results
apparently support the idea of the delayed oscillator
model (Schopf and Suarez 1988; Suarez and Schopf
1988), the latitudes of westward propagation are much
higher than those expected by the delayed oscillator
model. Therefore, it can be concluded that these results
rather support the western Pacific oscillator model
(Weisberg and Wang 1997), which emphasizes off-equa-
torial Rossby waves in the west of the date line. The
reason that the westward propagation cannot be seen in
the South Pacific is unclear, which might be due to the
relative dearth of upper-ocean temperature data in the
South Pacific than North Pacific, or to unknown ocean
wave dynamics in this region.
Graham and White (1988) suggested, based on the
results of observation analysis and conceptual model
experiments, off-equatorial Rossby waves are a trigger
for ENSO. On the other hand, based on a coupled at-
mosphere–ocean model analysis, Battisti (1989) sug-
gested that equatorial wave dynamics (within 68 from
the equator) may play an important role in the evolution
of ENSO, and off-equatorial Rossby waves (found pole-
ward of 68 from the equator) should be thought of as
the product and not the triggering mechanism for an
ENSO event. In the present study, as mentioned above,
westward propagation is seen in off-equator regions in
the North Pacific (along about 168N) and it is not seen
in the equatorial region (within about 68). This suggests
that off-equatorial Rossby waves could play an impor-
tant role for ENSO events. However, it should be noted
that the upper-ocean temperature data used in this study
were made by an optimum interpolation using the de-
correlation scales of 2.58 in latitude and that we used a
Gaussian filter with e-folding scale of 28 in latitude to
spatially smooth the OHC anomaly fields. Therefore,
present OHC data might not be good enough to analyze
the narrow band of the equator in which equatorial
Kelvin waves and equatorial Rossby waves propagate.
This might be the reason that westward propagation is
not seen in the equatorial region. In order to investigate
this matter in detail, studies based on the satellite sea
surface height dataset or on moored array time series
as in Kessler and McPhaden (1995), which has high
spatial resolution, or on model experiments should be
carried out. These studies are beyond the scope of the
present study.
In addition to the propagation of OHC anomalies in
the equatorial Pacific associated with an ENSO event,
the present study showed the clear relationship between
an OHC anomaly of the entire equatorial Pacific (Teq)
and an ENSO event (Figs. 8–11). The time lag between
Teq and the Nin˜o-3 index was approximately a quarter
of the period or a little bit shorter. Further, during the
ENSO warm phase, the Teq was decreasing, while OHC
anomalies of higher latitudes in the North Pacific were
increasing. Therefore, it is concluded that this exchange
of OHC anomalies between the equatorial Pacific and
higher latitudes was closely related to an ENSO event.
These results support the idea of the recharge oscillator
model (Jin 1997a,b).
The relationship between the magnitude of the lead-
ing Teq and the Nin˜o-3 index was also shown. In general,
a larger magnitude of the leading Teq corresponded to
a larger Nin˜o-3 index. Further, the magnitude of the
Nin˜o-3 index in a warm phase was more sensitive to
the leading Teq than that in a cold phase. These results
using OHC anomalies reconfirmed the findings by Mei-
nen and McPhaden (2000), who analyzed water volume
warmer than 208C for 20 years from 1980 to 1999.
In the present study, the 45-yr-long (1955–99) OHC
dataset was used. It allows us to investigate possible
differences in ENSO behaviors before and after the 1976
regime shift. From Figs. 2b, 3, 4, and 8a–c, it was shown
that the equatorial or tropical OHC anomalies related
to ENSO show larger amplitudes after the 1976–77 re-
gime shift [i.e., 1982–1983, 1986–87, 1997–98 warm
phases and the cold phases occurring after (or before)
these warm phases] than before, which had been pointed
out based on analyses of the SST or SLP anomalies
fields (e.g., Trenberth 1990). It was also shown in Figs.
10b and 10c that the time lag between the Teq and the
Nin˜o-3 index is shorter before the 1976–77 regime shift
than after. Also Figs. 11b and 11c showed that the char-
acteristic feature that the warm phase is more sensitive
to a leading Teq is clearer after the 1976–77 regime shift.
These results indicate that ENSO behaviors are different
after and before the 1976–77 regime shift. Decadal
changes as the background condition for ENSO that
might create those differences are very interesting sub-
ject to be solved in future works.
As mentioned earlier, from the viewpoint of the ex-
istence of a time lag between the entire equatorial OHC
anomalies, the Teq, and the Nin˜o-3 index, the present
result is apparently consistent with the idea of the re-
charge oscillator model. On the other hand, from the
viewpoints of the westward propagation of OHC anom-
alies in the off-equatorial region and larger amplitude
of OHC anomalies in the west of date line, the present
result is in line with the idea of the western Pacific
oscillator model (Weisberg and Wang 1997). Recently,
Wang (2001) has formulated the ‘‘unified oscillator’’
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model, which can include the various ENSO models
that have been proposed by previous authors—that is,
models of the ‘‘delayed oscillator’’ (Schopf and Suarez
1988; Suarez and Schopf 1988), the ‘‘recharge oscil-
lator’’ (Jin 1997a,b), the ‘‘western Pacific oscillator’’
(Weisberg and Wang 1997), and the ‘‘advective–reflec-
tive oscillator’’ (Picaut et al. 1997). This unified oscil-
lator model can reproduce the ENSO timescale vari-
ability. This suggests that in nature, various ENSO
mechanisms might operate at the same time. In order
to reach a much deeper understanding of the oscillatory
nature of ENSO events, further observational studies,
as well as model studies, may be needed.
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APPENDIX
Cluster Analysis Using the Ward Method
The Ward method (Ward 1963) is a type of cluster
analysis. In the Ward method, at each step two clusters
whose fusion results in a minimum increase in squared
deviations are combined. The distance between two
clusters, r and t, is measured by the following equation
(Wishart 1969):
2D 5 [(N 1 N )D 1 (N 1 N )D 2 N D ]/(N 1 N ).rt r p rp r q rq r pq r t
(A1)
Here cluster t is the cluster made by the fusion of clusters
p and q; Np, Nq, and Nr are the number of elements (in
the present study, number of grid points) of clusters p,
q, and r, respectively, and Nt 5 Np 1 Nq.
In the present study, the distance of two clusters is
calculated by Eq. (A1) and two clusters whose distance
is the minimum among all possible pairs of clusters are
searched for. Then new cluster is made by fusion of the
two clusters. This procedure is iterated. In the first step,
each cluster is recognized as single point cluster at each
grid point and distance of two clusters located in grid
point i, j is the Euclidean distance between two time
series at the grid points i, j.
REFERENCES
An, S.-I., and I.-S. Kang, 2000: A further investigation of the recharge
oscillator paradigm for ENSO using a simple coupled model
with the zonal mean and eddy separated. J. Climate, 13, 1987–
1993.
Battisti, D. S., 1989: On the role of off-equatorial oceanic Rossby
waves during ENSO. J. Phys. Oceanogr., 19, 551–559.
——, and A. C. Hirst, 1989: Interannual variability in a tropical
atmosphere–ocean model: Influence of the basic state, ocean
geometry and nonlinearity. J. Atmos. Sci., 46, 1687–1712.
Bjerknes, J., 1966: A possible response of the atmospheric Hadley
circulation to equatorial anomalies of ocean temperature. Tellus,
18, 820–829.
Chao, Y., and S. G. H. Philander, 1993: On the structure of Southern
Oscillation. J. Climate, 6, 450–469.
Graham, N. E., and W. B. White, 1988: The El Nin˜o cycle: A natural
oscillator of the Pacific ocean–atmosphere system. Science, 240,
1293–1302.
Hirst, C. H., 1988: Slow instabilities in tropical ocean basin–global
atmosphere models. J. Atmos. Sci., 45, 830–852.
Hsiung, J., and R. E. Newell, 1983: The principal nonseasonal modes
of variation of global sea surface temperature. J. Phys. Ocean-
ogr., 13, 1957–1967.
Iwasaka, N., K. Hanawa, and Y. Toba, 1988: Partition of the North
Pacific Ocean based on similarity in temporal variations of the
SST anomaly. J. Meteor. Soc. Japan, 66, 433–432.
Jin, F.-F., 1997a: An equatorial ocean recharge paradigm for ENSO.
Part I: Conceptual model. J. Atmos. Sci., 54, 811–829.
——, 1997b: An equatorial ocean recharge paradigm for ENSO. Part
II: A stripped-down coupled model. J. Atmos. Sci., 54, 830–847.
Kawamura, R., 1984: Relation between atmospheric circulation and
dominant sea surface temperature anomaly patterns in the North
Pacific during the northern winter. J. Meteor. Soc. Japan, 62,
910–916.
Kessler, W. S., 1990: Observations of long Rossby waves in the
northern tropical Pacific. J. Geophys. Res., 95, 5183–5217.
——, and M. J. McPhaden, 1995: Oceanic equatorial waves and the
1991–93 El Nin˜o. J. Climate, 8, 1757–1774.
Ladd, C., and L. A. Thompson, 2000: Formation mechanisms for
North Pacific central and eastern subtropical mode waters. J.
Phys. Oceanogr., 30, 868–887.
Levitus, S., J. I. Antonov, T. P. Boyer, and C. Stephens, 2000: Warm-
ing of world ocean. Science, 287, 2225–2229.
Masumoto, Y., and T. Yamagata, 1991: On the origin of a model
ENSO in the western Pacific. J. Meteor. Soc. Japan, 69, 197–
207.
Meinen, C. S., and M. J. McPhaden, 2000: Observations of warm
water volume changes in the equatorial Pacific and their rela-
tionship to El Nin˜o and La Nin˜a. J. Climate, 13, 3551–3559.
Nitta, T., and S. Yamada, 1989: Recent warming of tropical sea sur-
face temperature and its relationship to the Northern Hemisphere
circulation. J. Meteor. Soc. Japan, 67, 375–383.
Philander, S. G. H., 1990: El Nin˜o, La Nin˜a, and the Southern Os-
cillation. Academic Press, 293 pp.
Picaut, J., F. Masia, and Y. du Penhoat, 1997: An advective–reflective
conceptual model for the oscillatory nature of the ENSO. Sci-
ence, 277, 663–666.
Rasmusson, E. M., and T. H. Carpenter, 1982: Variations in tropical
sea surface temperature and surface wind fields associated with
the Southern Oscillation/El Nin˜o. Mon. Wea. Rev., 110, 354–
384.
Schopf, P. S., and M. J. Suarez, 1988: Vacillations in a coupled ocean–
atmosphere model. J. Atmos. Sci., 45, 549–566.
Springer, S. R., M. J. McPhaden, and A. J. Busalacchi, 1990: Oceanic
heat content variability in the tropical Pacific during the 1982–
1983 El Nin˜o. J. Geophys. Res., 95, 22 089–22 101.
Suarez, M. J., and P. S. Schopf, 1988: A delayed action oscillator for
ENSO. J. Atmos. Sci., 45, 3283–3287.
Tanimoto, Y., N. Iwasaka, K. Hanawa, and Y. Toba, 1993: Charac-
teristic variations of sea surface temperature with multiple time
scales in the North Pacific. J. Climate, 6, 1153–1160.
——, ——, and ——, 1997: Relationships between sea surface tem-
perature, the atmospheric circulation and air–sea fluxes on mul-
tiple time scales. J. Meteor. Soc. Japan, 75, 831–849.
Trenberth, K. E., 1990: Recent observed interdecadal climate changes
in the Northern Hemisphere. Bull. Amer. Meteor. Soc., 71, 988–
993.
Wakata, Y., and E. S. Sarachik, 1991: Unstable coupled atmosphere–
ocean basin modes in the presence of a spatially varying basic
state. J. Atmos. Sci., 48, 2060–2077.
FEBRUARY 2003 421H A S E G A W A A N D H A N A W A
Wang, C., 2001: A unified oscillator model for the El Nin˜o–Southern
Oscillation. J. Climate, 14, 98–115.
——, and R. H. Weisberg, 1994: Equatorially trapped waves of a
coupled ocean–atmosphere system. J. Phys. Oceanogr., 24,
1978–1998.
——, and ——, 1996: Stability of equatorial modes in a simplified
coupled ocean–atmosphere model. J. Climate, 9, 3132–3148.
Ward, J., 1963: Hierarchical grouping to optimize an objective func-
tion. J. Amer. Stat. Assoc., 58, 236–244.
Weare, B. C., A. R. Navato, and R. E. Newell, 1976: Empirical
orthogonal analysis of Pacific sea surface temperatures. J. Phys.
Oceanogr., 6, 671–678.
Weisberg, R. H., and C. Wang, 1997: A western Pacific oscillator
paradigm for the El Nin˜o–Southern Oscillation. Geophys. Res.
Lett., 24, 779–782.
White, W. B., 1995: Design of a global observing system for gyre-
scale upper ocean temperature variability. Progress in Ocean-
ography, Vol. 36, Pergamon, 169–217.
Wishart, D., 1969: An algorithm for hierarchical classifications. Bio-
metrics, 25, 165–170.
Wyrtki, K., 1975: El Nin˜o—the dynamic response of the equatorial
Pacific Ocean to atmospheric forcing. J. Phys. Oceanogr., 5,
572–584.
——, 1979: The response of sea surface topography to the 1976 El
Nin˜o. J. Phys. Oceanogr., 9, 1223–1231.
——, 1985: Water displacements in the Pacific and the genesis of El
Nin˜o cycles. J. Geophys. Res., 90, 7129–7132.
Zebiak, S. E., 1989: Oceanic heat content variability and El Nin˜o
cycles. J. Phys. Oceanogr., 19, 475–486.
——, and M. A. Cane, 1987: A model El Nin˜o–Southern Oscillation.
Mon. Wea. Rev., 115, 2262–2278.
Zhang, R. H., and S. Levitus, 1996: Structure and evolution of in-
terannual variability of the tropical Pacific upper ocean temper-
ature. J. Geophys. Res., 101, 20 501–20 524.
——, and ——, 1997: Interannual variability of the coupled tropical
Pacific ocean–atmosphere system associated with the El Nin˜o–
Southern Oscillation. J. Climate, 10, 1312–1330.
